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DECLARATION OF MANAS MAJUMDAR AND ELISABETH MORRIS 

UNDER 37 C.F.R.S 1.131 

1 . We, Manas Majumdar and Elisabeth Morris, declare that we are the 
named applicants of the above-identified application and the co-inventors 
of the subject matter described and claimed therein. 

2. We have been advised that the United States Patent Office has rejected 
the claims of the above-identified application as obvious in view of 
International Patent Publication WO/29552. 

3. We make this declaration to establish that prior to May 25, 2000, we 
completed in this country the invention described and claimed in the 
above-identified application. 

BEST AVAILABLE COPY 
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4. To establish that the claimed invention was reduced to practice prior to 
May 25, 2000, we attach documents that detail the work we performed or 
directed to be performed in connection with the invention (Exhibits A-F). 
All of these documents were prepared prior to May 25, 2000. However, 
specific dates have been redacted. 

5. As Exhibit A, we attach a true and accurate copy of page 59 of Genetics 
Institute Laboratory Notebook No. 6364, prepared and signed by Manas 
Majumdar prior to May 25, 2000. Page 59 documents the isolation of 
CD 105+ cells from bone marrow by a two-step process. The cell isolation 
protocol is described in the top third of the page under "Isolation of Cells" 
and includes a 45 minute incubation with anti-CD105 antibody and a 
subsequent 20 minute incubation with the secondary antibody, rat anti- 
mouse lgG1 . The lower two-thirds of the page describe analysis by flow 
cytometry of the input and output of the cell isolation protocol. "Summary 
of Flow Cytometry" shows enrichment of CD105+ cells in the isolated 
population (14% CD105+ by flow cytometry) relative to the starting 
mononuclear cell ("MNC") population (5%). 

6. As Exhibit B, we attach a true and accurate copy of page 97 of Genetics 
Institute Laboratory Notebook No. 6364, prepared and signed by Manas 
Majumdar prior to May 25, 2000. Page 97 documents the treatment of a 
composition of CD105+ cells in alginate culture with BMP-2. The stated 
purpose of this experiment is "to differentiate CD105+ cells towards 
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chondrogenesis." In addition to describing the alginate culture protocol, 
page 97 notes at the bottom of the page that the cell media were changed 
to media +/- BMP-2. The experiment of page 97 is entitled "MM#38: 
Chondrogenesis" (for "Manas Majumdar experiment # 38") and also 
incorporates products of experiment MM#35 (see Exhibit C). 

7. As Exhibit C, we attach a true and accurate copy of page 125 of Genetics 
Institute Laboratory Notebook No.6364, prepared and signed by Manas 
Majumdar prior to May 25, 2000. Page 125 documents the induction of 
Type II collagen expression, a marker of chondrogenesis, in the BMP-2- 
treated CD105+ cells described on page 97 (under "SOURCE OF RNA," 
page 125 lists experiments MM#38 and MM#35 of Exhibit B). The upper 
portion of page 125 describes the RT-PCR assay for Type II collagen 
expression that we followed. The lower portion of page 125 includes an 
image of the resulting gel, accompanied by notes that "Lanes: 4,6, 10, 12- 
14, 15, + 16 are +ive" for Type II collagen expression, and thus that 
"marrow stromal cells in alginate express Col II when treated with BMP-2." 

8. As Exhibit D, we attach a true and accurate copy of page 21 of Genetics 
Institute Laboratory Notebook No. 7547, prepared and signed by our 
technician, Eunice Wang, prior to May 25, 2000. Page 22 documents the 
isolation of CD105+ cells from bone marrow by a one-step process. The 
cell isolation protocol is described in the top half of the page under 
"Isolation of Cells" and includes a single 45 minute incubation with "CD105 
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microbeads." Under "Cell recovery," this page shows the successful 
isolation of 4.48 x 10 6 cells through this one-step protocol. In the top right 
corner, this experiment is labeled "EW#7" (see Exhibit E). 

9. As Exhibit E, we attach a true and accurate copy of page 102 of Genetics 
Institute Laboratory Notebook No. 7547, prepared and signed by our 
technician, Eunice Wang, prior to May 25, 2000. Page 102 documents a 
method of inducing chondrogenesis involving CD105+ cells isolated by the 
one-step process. The title at the head of page 102 reads "RT-PCR-Elisa 
to check Col2 expression in 2 nd purified RNAfrom alginate culture." Thus, 
this page provides the results of assays for induction of Type II collagen, a 
marker of chondrogenic differentiation. The gel pictured in the lower right 
corner shows Type II collagen expression in lane 9 (the positive control) 
and lanes 7 and 8, corresponding to EW#7 cells (the one-step purified 
cells of Exhibit D) treated with BMP-2 or BMP-9, respectively. 

10. As Exhibit F, we attach a true and accurate copy of Majumdar et a/., J. 
Cell. Physiol. 185:98-106 (2000). We are co-authors of the article. As 
noted in the lower right corner of page 98, this manuscript was received by 
the journal on February 2, 2000 and accepted for publication on April 13, 
2000. The article shows both one-and two-step isolations of CD105+ cells 
(see, for example, "Materials and Methods: Isolation and culture 
expansion of CD105+ cells," page 99), culture of CD105+ cells in alginate 
(see, for example, "Materials and Methods: Culture of CD105+ cells in 
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alginate," page 100), and expression of type II collagen, a marker of 
chondrogenesis, upon treatment of alginate-cultured CD105+ cells with 
TGF-p (see, for example, Results: Expression and synthesis of type II 
collagen by CD105+ cells," page 103). 

1 1 . We declare further that Eunice Wang, who recorded the lab notebook 
entries presented in Exhibits D and E, and Valerie Banks and Diane 
Peluso, co-authors on the article of Exhibit F, did not make inventive 
contributions to the reduction to practice of the claimed methods. Rather, 
their contributions to the subject matter of Exhibits D-F, and the claimed 
invention as a whole, were strictly technical and were made under our 
direction. 

12. We further declare that we did not abandon, suppress or conceal this 
invention between May 25, 2000 and the filing of the above-identified 
application. In fact, we continued to work on the methods of the invention 
to optimize conditions and results prior to filing the application. 

1 3. We declare further that all statements made herein of our own knowledge 
are true and that all statements made on information and belief are 
believed to be true; and further, that the statements were made with the 
knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 
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18 of the United States Code, and that such willful false statements may 
jeopardize the validity of the application or any patents issuing thereon. 

Respectfully submitted, 



Dated- <?A/W By: <?Uyu**^ 
' Manas Majumdar, f h.D. 

Dated: ? / <\ I o < By: I jjJfeLL 

I 'I Elisabeth Morris, PfeB. 
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Isolation, Characterization, and 
Chondrogenic Potential of 
Human Bone Marrow-Derived 
Multipotential Stromal Cells 

MANAS K. MAJUMDAR,* VALERIE BANKS, DIANE P. PELUSO, 
and ELISABETH A. MORRIS 

Genetics Institute Inc., Cambridge, MA 

Multipotential bone marrow stromal cells have the ability to differentiate along 
multiple connective tissue lineages including cartilage. In this study, we devel- 
oped an efficient and reproducible procedure for the isolation of stromal cells 
from bone marrow aspirates of normal human donors based on the expression of 
endoglin, a type III receptor of the transforming growth factor-beta (TGF-p) 
receptor family. We demonstrate that these cells have the ability of multiple 
lineage differentiation. Stromal cells represented 2-3% of the total mononuclear 
cells of the marrow. The cells displayed a fibroblastic colony formation in 
monolayer culture and maintained similar morphology with passage. Expression 
of cell surface molecules by flow cytometry displayed a stable phenotype with 
culture expansion. When cocultured with hematopoietic CD34 + progenitor cells, 
stromal cells were able to maintain their ability to support hematopoiesis in vitro. 
Culture expanded stromal cells were placed in a 3-dimensional matrix of alginate 
beads and cultured in serum-free media in the presence of TGFp-3 for chondro- 
genic lineage progression. Increased expression of type II collagen messenger 
RNA was observed in the TGF03 treated cultures. Immunohistochemistry per- 
formed on sections of alginate beads detected the presence of type II collagen 
protein. This isolation procedure for stromal cells and the establishment of the 
alginate culture system for chondrogenic progression will contribute to the un- 
derstanding of chondrogenesis and cartilage repair. J. Cell. Physiol. 185: 
98-1 06, 2000. © 2000 Wiley-Liss, Inc. 



Articular cartilage damaged by trauma or disease 
processes has a limited spontaneous repair response 
due to the lack of vascular supply and a dense extra- 
cellular matrix with sparsely embedded chondrocytes. 
The importance of bone marrow cell components in the 
repair of articular cartilage has been highlighted by 
surgical techniques that aim to supply bone marrow- 
derived stromal cells to the damaged cartilage site by 
penetrating the underlying subchondral bone (Suh et 
al., 1997; ODriscoll, 1998). These techniques ensure 
the migration of stromal cells to the site of repair and 
depend upon the surrounding environment to provide 
the proper stimulus leading to chondrogenic differen- 
tiation and articular surface formation. However, in 
the majority of the cases, repair results in fibrocarti- 
lage, not articular cartilage (Buckwalter and Mankin, 
1998a; Buckwalter et al., 1990). These studies indicate 
our limited understanding of bone marrow stromal 
cells and the factors that modulate their chondrogenic 
differentiation. 

Bone marrow consists of hematopoietic cells in close 
juxtaposition with the cellular components of the he- 
matopoietic microenvironment which are a heteroge- 
neous group of cells including stromal cells, smooth 



muscle cells, osteoblasts, adipocytes, and reticular en- 
dothelial cells (Bently, 1982; Tavassoli and Friedstein, 
1983; Weiss, 1995). Stromal cells include mesenchymal 
stem and progenitor cells that have multipotential 
characteristics to differentiate into connective tissue 
lineages including osteoblasts, chondrocytes, teno- 
cytes, adipocytes, and myocytes when placed in appro- 
priate in vivo or in vitro environments (Haynesworth et 
al., 1992; Gimble et al., 1996; Ferrari et al., 1998; 
Mackay et al., 1998; Young et al., 1998). Stromal cells 
also have the ability to support hematopoiesis in vitro 
when cocultured with hematopoietic progenitors (Dex- 
ter et al., 1977). Therefore, stromal cells play a pivotal 
role both in mesengenesis and hematopoiesis. 

Procedures to isolate stromal cells in vitro based on 
their adherent characteristic have been reported 
(Haynesworth et al., 1992; Kadiyala et al., 1997; For- 
tier et al., 1998; Pittenger et al., 1999). Haynesworth et 
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al. (1992), found that selected lots of fetal bovine serum 
resulted in increased adherence, proliferation, and 
maintenance of multipotential characteristic of stro- 
mal cells. Kadiala et al., (1997) and Pittenger et al., 
(1999) utilized similar procedures for their stromal cell 
isolation. These isolation procedures require time con- 
suming assays performed on cells isolated by different 
lots of fetal bovine serum and are difficult for others to 
follow. Gronthos and Simmons (1995) isolated stromal 
cells using the antibody raised against Stro-1, a cell 
surface molecule transiently expressed by marrow stro- 
mal cells with yet unknown biological function. This 
procedure is reproducible but time consuming since it 
requires prior purification of the primary antibody 
from ascites and a secondary antibody for magnetic 
selection. Therefore, an efficient and reproducible stro- 
mal cell isolation procedure still remains lacking. 

Factors that promote chondrogenesis or demonstrate 
chondrogenic effect both in vivo and in vitro include 
transforming growth factor beta (TGF-0), insulin-like 
growth factors and bone morphogenetic proteins 
(BMPs) (O'Driscoll SW, 1998; Sellers et al., 2000). In 
vitro expanded stromal cells cultured in aggregate in 
the presence of TGF-p acquire chondrogenic potential 
(Kadiyala et al., 1997; Johnstone et al., 1998; Mackay 
et al., 1998; Yoo et al., 1998) which suggests that stro- 
mal cells present in the bone marrow express receptors 
for TGF-p. Monoclonal antibodies to endoglin (CD105), 
a type III TGF-p receptor, have been shown to recog- 
nize cell surface molecules on stromal cells and the 
stromal cell line Str-5 (Robledo et al., 1996). The pres- 
ence of endoglin on stromal cells and the availability of 
monoclonal antibody provided an opportunity to isolate 
these multipotential cells using the presence of a cell 
surface molecule of known biological function (Li et al., 
1999). 

The objectives of this study were to develop an effi- 
cient and reproducible procedure to isolate stromal 
cells from the human bone marrow based on the pres- 
ence of the TGF-p receptor. This investigation contin- 
ued to demonstrate the multipotential characteristic of 
these cells by both in vitro chondrogenic lineage pro- 
gression and their ability to support hematopoiesis. 

MATERIALS AND METHODS 
Isolation and culture expansion of CD105* cells 

Human bone marrow samples were obtained from 
Poietic Technologies (Gaithersburg, MD). Mononuclear 
cells (MNCs) were isolated according to a modification 
of a previously reported method (Majumdar et al., 
1998). Total nucleated cells in the marrow sample was 
diluted to a concentration of 7 X 10 6 cells per ml with 
calcium and magnesium free phosphate-buffered sa- 
line (PBS), (Life Technologies, Gaithersburg, MD) con- 
taining 2% bovine serum albumin (BSA, Life Technol- 
ogies), 0.6% sodium citrate (Life Technologies), and 1% 
penicillin-streptomycin (Life Technologies). Thirty to 
35 ml of the diluted cell suspension was layered over 15 
ml of Ficoll-Paque (Pharmacia, Piscataway, NJ) and 
centrifuged at 800 X g for 20 min. The mononuclear 
cells (MNCs) collected at the interface were recovered, 
counted, washed with magnetic-activated cell sorting 
(MACS) buffer (PBS with 0.5% BSA and 2 mM EDTA, 
pH 7.2). The washed cells were resuspended in MACS 
buffer at 2-4 x 10 8 cells per ml, transferred to a 5 ml 



tube to which 50 |xl of mouse anti-human CD105 anti- 
body (Pharmingen, San Diego, CA) was added and 
placed on a rotator for 1 hr at 4°C. The cells were again 
washed, resuspended at 2.5 X 10 8 per ml in MACS 
buffer. One quarter of a milliliter of rat anti-mouse 
IgGl-microbead (Miltenyi Biotec, Auburn, CA) was 
added and placed on a rotator for 30 min at 4°C. The 
cells were washed and separated on a magnetic column 
MS + (Miltenyi Biotec) according to the manufacturer's 
recommendation. The CD105~ cells were collected as 
the column eluate, while the CD105" cells remained 
attached to the column. To recover the CD105" cells, 
the column was removed from the magnet and the cells 
were flushed out with MACS buffer. The above proce- 
dure was referred to as a dual antibody procedure 
(DAP) due to the requirement of two different antibod- 
ies. We also tested the directly conjugated mouse anti- 
human CD105 antibody-microbeads (Miltenyi Biotec) 
and compared this single antibody procedure (SAP) 
with DAP for CD105^ cell isolation. For SAP, 1 x 10 8 
MNCs were incubated with the 0.2 ml of anti-human 
CD105 antibody-microbeads for 45 min at 4°C and 
CD 105 + cells were isolated using the MS + column as 
described. Both the DAP and the SAP methods were 
evaluated with multiple human bone marrow samples. 

CD105" cells isolated either by DAP or SAP were 
plated in 185 cm 2 Nuhclon Solo flasks (Nunc Inc., Na- 
perville, ID at a density of 1-2 x 10 6 cells per flask and 
cultured in complete medium consisting of Alpha-MEM 
supplemented with 10% fetal bovine serum (FBS) and 
1% antimycotic-antibiotic (Life Technologies) at 37°C 
in 5% C0 2 in air. Medium was changed after 48 h and 
thereafter every 3-4 days. At day 14, cells were de- 
tached by incubation with 0.05% trypsin-EDTA (Life 
Technologies) for 20-30 min at 37°C. The cells at this 
stage were designated primary (pO) and replated for 
expansion at a density of 1 x 10 6 cells per flask as 
passage 1 cells. The cells reached 90% of confluence in 
6-7 days, after which they were either passaged as 
mentioned, used in other assays, or stored in 90% FBS 
and 10% dimethyl sulphoxide in liquid nitrogen for 
future use. 

Colony forming unit-fibroblast (CFU-F) assay 

MNCs, CD105+, and CD105' cells were plated in 
6-well plates at 1 x 10 5 cells per well and media were 
changed as described. Between 7 and 10 days, medium 
was removed and the cells were washed with PBS. One 
ml of reconstituted brilliant blue R concentrate (Sigma, 
St. Louis, MO) was added to each well and incubated at 
room temperature for 5 min. The wells were washed 
with tap water and the plate dried. Aggregates of 50 
cells or more were scored as CFU-F. 

Flow cytometry 

Analysis of cell surface molecules were analyzed ac- 
cording to a previously reported procedure (Majumdar 
et al., 1998). Briefly, cells were washed in FACS buffer 
(2% BSA, 0.1% sodium azide in PBS) and aliquots (2 x 
10 5 -1 X 10 6 ) of cells were incubated with fluorochrome- 
conjugated monoclonal antibodies (Pharmingen, San 
Diego; Serotec, Raleigh, NO for 20 min at 4°C. Cells 
were washed and the cell pellet was resuspended in 
FACS buffer with 1% paraformaldehyde. Nonspecific 
fluorescence was determined using equal aliquots of 
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TABLE 1. Oligonucleotide primers used for PCR amplification and ELIS A detection 
Oligonucleotide primers/5 '-biotinylated probes Size (bp) Reference/Accession # 



Human Beta2-microglobulin 
Sense: 5 '-TCTGGCCTTGAGGCTATCCAGCGT-3 ' 
Antisense: 5 '-GTGGTTCACACGGCAGGCATACTC-3 ' 
Probe: 5'-Biotinylated CATCCATCCGAC ATTGAAGTTGAC-3 ' 

Human Type II collagen 
Sense: 5 '-TCCCAAAGGTGCTCGAGGAGA-3 ' 
Antisense: S'-CtfCACCACGATCACCCTTGAC 
Probe: 5'-Biotinylated GAGAGAGGATTCCCTGGCTT 



270 Majumdar et al. (1998) 
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cell preparation that were incubated with mouse iso- 
type monoclonal antibodies. Data were collected by an- 
alyzing 10,000-50,000 events on a Becton Dickson in- 
strument (San Jose, CA) using Cell-Quest software. 
For adherent cells, medium was removed, cells de- 
tached from the flasks by trypsin-EDTA treatment, 
recovered by centrifugation and washed in FACS 
buffer. Aliquots of 2 X 10 5 cells were incubated with 
antibodies and analyzed as described. The results of 
the cell surface studies are expressed as the mean of 
three donor cell populations with standard error of the 
mean. Flow cytometry analysis was also performed on 
cells detached by non-enzymatic cell dissociation buffer 
(Life Technologies) to analyze the effect of trypsin on 
cell surface molecules. 

Long term bone marrow culture (LTBMC) 

LTBMC was performed according to modifications of 
previously reported procedure (Majumdar et al., 1998). 
Cells from 3 donors at the end of day 14 (pO) were 
detached by trypsin-EDTA treatment, washed in PBS 
and 3 X 10* cells per well were plated in 6-well plates. 
At 80-90% of confluence, cells were exposed to 16 Gy 
irradiation, the medium was changed, and the cells 
cultured overnight. CD34 + hematopoietic progenitor 
cells (Poietic Technologies) were resuspended at 5 X 
10 4 cells per ml in LTBMC medium which consisted of 
Myelo Cult (Stem Cell Technologies, Vancouver, Can- 
ada), 1 \lM hydrocortisone (Sigma), and 1% antimycotic- 
antibiotic (Life Technologies). Medium was removed 
from the irradiated cells and replaced with 2 ml of 
CD34 + cell suspension per well. The cocultures were 
maintained at 37°C for 72 h and thereafter, at 33°C. 
Half the medium was replaced weekly with fresh me- 
dium for 5 weeks. Experimental controls consisted of 
CD34 + cells without any stromal layer. After 5 weeks, 
both nonadherent and adherent cells were collected, 
resuspended in 0.3 ml of LTBMC medium and added to 
2.7 ml of methylcellulose medium (Metho Cult 4435, 
Stem Cell Technologies). Aliquots of 1 ml of the cell 
suspension were plated in duplicate in 35 mm Nunc 
dishes (Nunc Inc.) and incubated at 37°C in 5% C0 2 for 
two weeks. Colonies consisting of more than 50 cells 
were scored and used for statistical analysis. 

Culture of CD105 + cells in alginate 

The CD105 + cells were encapsulated in alginate by 
modification of previously reported procedures (Mok et 
al., 1994; Binette et al., 1998). Cells were detached by 
trypsin-EDTA treatment and washed with wash buffer 
(0.15M NaCl, 25 mM Hepes, pH 7.0). The cells were 
then resuspended at a density of 25 x 10 6 per ml in 
1.2% alginate in wash buffer. Individual beads of the 



cell suspension were then slowly expressed through a 
20-gauge needle into a solution containing 102 mM 
CaCl 2 and 25 mM Hepes (pH 7.0). The beads were 
allowed to polymerize for 10 min, washed once in wash 
buffer, three times in complete medium, and cultured 
overnight in the same medium at 37°C with 5% COo in 
air. The next day, the medium was changed to chemi- 
cally defined medium (Mackay et al., 1998; Yoo et al., 
1998) consisting of DMEM with high glucose, 100 nM 
dexamethasone (Sigma), 50 ftg/ml ascorbic acid-2-phos- 
phate (WAKO Pure Chemicals, Tokyo, Japan), 100 
MLg/ml of sodium pyruvate (Life Technologies), 50 ng/ml 
proline (Sigma), 1% ITS-Premix (Becton Dickenson, 
Bedford, MA) and 10 ng/ml TGF-£3 (R and D Systems, 
Minneapolis, MN). The medium was changed twice a 
week for the next 3 weeks. 

RNA preparation and analysis 

Culture-expanded CD105 + cells from 3 donors were 
encapsulated in alginate beads and cultured for three 
weeks. At day 21 beads were transferred to cell recov- 
ery buffer (55 mM Sodium Citrate, 0.15 M NaCl and 25 
mM Hepes, pH 7.0) and incubated for 10 min at 4°C to 
release the cells from the alginate matrix. The cell 
suspension was centrifuged and total RNA was ex- 
tracted from the cell pellet by RNeasy kit (Qiagen, 
Valencia, CA). Reverse transcriptase-polymerase chain 
reaction (RT-PCR)-ELISA was performed according to 
modifications of a previously reported procedure (Ma- 
jumdar et al., 1998). RT-PCR was performed using 
total RNA as a template, oligonucleotide primers (Ta- 
ble 1), RNA PCR core kit (Perkin-Elmer, Norfolk, CD, 
and substituting the deoxy-nucleotides with digoxige- 
nin-labeled nucleotides (Roche Biochemicals, India- 
napolis, IN) to label the amplified products. ELISA was 
performed as recommended by the manufacturer 
(Roche Biochemicals). Briefly, the PCR product was 
denatured and allowed to hybridize in solution to a 
5'-biotinylated probe at 37°C in a strepavidin-coated 
microtiter plate. The bound probe-PCR product was 
detected by an anti-digoxigenin peroxidase conjugate 
and by the use of the colorimetric substrate ABTS. The 
data for each untreated and TGF-(B3~treated sample 
from each donor were normalized to (^-microglobulin. 
For each donor the induction of type II collagen expres- 
sion by TGF-33 was computed as fold increase over 
untreated. The result shown is the mean fold increase 
for 3 donors. 

Immunohistochemistry 

Alginate beads from cultures were washed with wa- 
ter and incubated in lOOmM barium chloride for 10 
min for irreversible polymerization. The beads were 
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TABLE 2. Incidence of CFU-Fs in the MNCs, CD105". and 
CD 105" population of cells 1 







Cell fractions 




Fold 


Procedure 


MNCs 


CD105- 


CD105" 


Enrichment 


DAP in = 8) 
SAP in ■ 5) 


10.38 * 1.60 
11.06 * 2.31 


38.75 ± 5.63 
103.33 £ 11.97 


0.5 ± 0.26 
0.60 ± 0.37 


3.73 
9.34 



'MNCs. CD105" and CD105" cells were plated at 1 x 10? cells / well in 6-well 
plate in triplicate. The results represent the mean number of CFU-F = SEM. 



then washed with water again and fixed in 109c buff- 
ered formalin. Alginate sections were immunostained 
as previously reported (Sellers et al., 1997). Sections of 
alginate beads on glass slides were placed at 55°C for 
45-60 min, washed in PBS, treated with trypsin for 10 
min followed by 0.3% hydrogen peroxide (H 2 0 2 ) for 5 
min at room temperature and blocking solution for 30 
min. For detection of type II collagen, goat anti-type II 
collagen antibody (Southern Biotechnology Associates, 
Birmingham, AL) was used at a 1:160 dilution over- 
night. Immunoreactivity was detected by incubating 
sections with biotinylated anti-goat antibody and 
horseradish peroxidase H reagents (Vector Laborato- 
ries, Burlingame, CA). Signal was developed by treat- 
ing the sections with peroxidase substrate 3,3'-diami- 
nobenzidine (DAB) and H 2 0 2 . Images were recorded on 
35-mm slide film and multipanel figures were made 
with Photoshop (Adobe Systems. San Jose, CA). Exper- 
imental controls consisted of alginate sections stained 
with either the primary or the secondary antibody 
alone. 

RESULTS 

Isolation, culture expansion and analysis of 
CD105 + cells 

Isolation and analysis of CD105 + cells. To isolate 
multipotential stromal cells from human bone marrow, 
we developed a procedure which employed a magnet- 
based cell separation column for the positive selection 
of cells recognized by antibody conjugated to mi- 
crobeads. As we had little information on the number of 
CD105 molecules on the surface of stromal cells, the 
DAP procedure was developed so that the two antibod- 
ies together would result in an amplified signal, aiding 
in the isolation of the stromal cells. The SAP procedure 
was developed to compare the efficiency between the 
procedures. Stromal cells isolated from multiple hu- 
man bone marrow samples by the DAP and the SAP for 
CD105* cell selection represented 3 ± 0.9% in = 7) 
and 1.76 ± 0.33% (n = 8) of the MNCs, respectively. 
CFU-F assay performed on isolated cells using both the 
DAP and the SAP showed over 3-fold and 9-fold (Table 
2) greater incidence of CFU-Fs respectively in the 
CD105 + population compared to that in the unsepa- 
rated MNCs. The cells in the colonies displayed a fi- 
broblastic morphology in monolayer culture and main- 
tained similar phenotype with passage. In most donors 
there was no detectable CFU-F in the CD105" cell 
population. Therefore, both the DAP and SAP proce- 
dures were able to achieve CD105* cell recovery of 
nearly 100% from the ficoll-separated MNCs. 

Culture expansion and analysis of CD105* 
cells. To establish an optimum culture condition for 
the attachment and expansion of CD105" cells without 




Fig. 1. Morphology of primary and passage 1 cultures of CD10.V 
cells. The cells were isolated from bone marrow by using microbeads 
coupled-antibody against CD105 and plated in media. The cultures 
were maintained for 14 days and the cells were termed primary. The 
cells were trypsinized and replated as passage 1 cells. Photomicro- 
graphs are representative of primary iA, x 40 1 and passage 1 (B, x 
100) cultures as shown above. 



undergoing differentiation, various combinations of 
base media with different percent of fetal bovine serum 
were tested in the CFU-F assay. Alpha-MEM supple- 
mented with 109c fetal bovine serum and 19c antimy- 
cotic-antibiotic showed a significant increase in 
CFU-Fs over DMEM-based medium and there was no 
significant difference in CFU-Fs between media sup- 
plemented with 10?r or 209c fetal bovine serum (data 
not shown). The cells in the colony were phenotypicallv 
fibroblastic and proliferated in a distinct whorl pattern 
(Fig. 1). After 14 days in culture, the colonies were 
pooled and the cells were designated primary cultures 
(pO). Use of the DAP resulted in 1.56 ± 0.17 x 10" in = 
6 ) pO cells for every 1 x 10 6 CD105" cells originally 
plated, while use of the SAP resulted in 4.44 ± 0.44 x 
10 6 </7 = 7) for every 1 x 10 6 CD105" cells originally 
plated. Primary cells analyzed by flow cytometry 
showed approximately 989c of the cells to be positive for 
CD105 cell surface molecule and negative for leukocyte 
common antigen, CD45 (Fig. 2). This observation 
showed that the expanded cells were a homogenous 
population. For further expansion, cells were replated 
at 1 x 10 6 per 185/cm 2 flasks as passage 1 cells (pi). 
Cells recovered at confluence between 6-7 days in cul- 
ture were between 3-5 x 10 6 cells per flask and this 
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Fig. 2. Flow cytometry analysis of cultured 
CD 105" cells with monoclonal antibodies. 
The cells were isolated from bone marrow by 
using microbeads coupled-antibody against 
CD 105, plated in media and the culture was 
maintained for 14 days. The cells were 
trypsinized and aliquots of the pooled cells 
were stained with monoclonal antibodies and 
analyzed by flow cytometry. A: Unstained 
cells to show the forward and side scatter. 
B: Cells stained with mouse isotype antibod- 
ies. C: Cells stained with antibodies against 
human leukocyte common antigen CD45 
(FL1. CD45-FITC) and endoglin CD105 
(FL-2. CD105-PE). D: Cells stained with 
mouse isotype (Ml, mlgG-PE) antibody and 
endoglin CD105 (M2, CD105-PE). The per- 
cent [%) of cells in the quadrants and mar- 
gins were determined. These data are repre- 
sentative of analysis performed on cells 
isolated from multiple donors. 



rate of expansion was maintained for the next 4 pas- 
sages. 

Cell surface phenotype of CD105 + cells. To de- 
fine the phenotype of CD105 + cells, we analyzed the 
cell surface molecules expressed by primary and pas- 
saged cells of three different donors by means of flow 
cytometry. We chose a selected group of molecules have 
been shown to be either present or absent on stromal 
and mesenchymal cells derived from human bone mar- 
row (Simmons, 1994; Pittenger et al., 1999). The mol- 
ecules were grouped into peptidases (CD10 and CD13), 
integrins (CDlla, CD18, 29, CD49b, CD49d, CD49e, 
CD49f), matrix receptors (CD31, CD54, CD621, CD62p, 
CD106), and others like hyaluronate (CD44), trans- 
ferrin receptor (CD71), thy-1 (CD90), and endoglin 
(CD105). The results (Table 3) show that CD105 + cells 
maintained the expression of CD 105 with culture ex- 
pansion. Surface molecules expressed by greater than 
50% of the cells include CD13, CD29, CD44, CD49b, 
CD49e, CD54, CD71, and CD90. Surface molecules ex- 
pressed by 5-50% of the cells include CD10, CDlla 
(pO), CD49f, and CD62p (pO). Molecules expressed by 
less than 5% of the cells include CDlla (p5), CD18, 
CD31, CD621, and CD62p (p5). After five passages, 
expression of most of the cell surface molecules were 
similar to primary cells (pO), which suggests that the 
cells did not undergo phenotypic changes with passage 
in culture. The expression of these molecules are sim- 
ilar to stromal precursor cells (Simmons, 1994) and 
mesenchymal stem cells (Pittenger et al., 1999). We 
also observed donor to donor variability in the expres- 
sion of alpha 5 and 6 integrins, and in the expression of 
ICAM-1 between primary and passaged cells. There 



TABLE 3. Analysis of cell surface molecules of CD105~ cells 

(n = 3) 1 ' 



Cell surface molecule Primary (pO, day 14) Passage 5 (p5) 



CD10 Metalloproteinase 


34.3 




2.87 


45.8 




7.2 


CDlla Alpha L Integrin 


8.3 




2.0 


4.6 




0.6 


CDllc Leucocyte Adhesion 














Receptor 


5.0 




1.1 


4.4 




0.4 


CD13 Metalloproteinase 


99.4 




0.3 


99.7 




0.3 


CD 18 Beta 2 Integrin 


2.4 




0.1 


3.5 




0.1 


CD29 Beta 1 Integrin 


87.5 




3.6 


90.7 




3.6 


CD31 PECAM-1 


4.6 


«+■ 


0.4 


4.8 


+■ 


0.2 


CD44 Hyaluronate 


99.3 


•4- 


0.4 


98.3 


-*~ 


1.1 


CD49b Alpha 2 Integrin 


80.6 




0.6 


82.2 




7.9 


CD49e Alpha 5 Integrin 


72.5 




10.9 


53.8 




0.8 


CD49f Alpha 6 Integrin 


47.7 




15.9 


30.8 




11.1 


CD54 ICAM-1 


65.9 




2.5 


80.1 




2.9 


CD621 L-Selectin 


4.7 




0.1 


3.7 




0.9 


CD62p P-Selectin 


10.9 




2.9 


4.6 




0.8 


CD71 Transferrin Receptor 


71.5 




3.6 


82.8 




5.8 


CD90 Thy-1 


99.5 




0.3 


100.0 


CD105 Endoglin 


99.0 


■+■ 


0.4 


97.8 




4.0 



! The CD 105* cells were detached by trypsin treatment, labeled with antibody 
against the molecules as described in text, and analyzed by flow cytometry. The 
results are expressed as mean r SEM. 



was no significant difference in the expression of cell 
surface molecules between trypsin and non-trypsin de- 
tached cells. 

To analyze the expression of TGF-p receptors by the 
CD105* cells, reverse transcriptase-polymerase chain 
reaction (RT-PCR)-ELISA (Majumdar et al., 1998) was 
performed with total RNA isolated from 20 individual 
clones from three donors. Results (data not shown) 
showed that all the 20 clones expressed both the type I 
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MM# 81 -3 



MM# 88 



Fig. 3. The ability to support hematopoiesis in vitro by CD 105" cells 
from 3 donors. The cells were isolated from 3 bone marrow donors 
(MM# 81-1, 81-3, and 88) by using microbead coupled-antibody 
against CD 105 and plated in media. The cultures were maintained for 
14 days and the cells were trypsinized and replated as passage 1 cells. 
On reaching 80-90% of confluence the cells were irradiated and 
cocultured for 5 weeks with CD34" hematopoietic progenitor cells. 
Both the nonadherent and the adherent cell populations were pooled 
and cultured in methylcellulose for 2 weeks and the hematopoietic 
colonies were counted. The bars represent the mean (± SEM) colony 
numbers from three individual wells. 
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Fig. 4. Type II collagen mRNA expression by passaged CD 105 cells 
in alginate cultures. Culture-expanded passage 3 cells were resus- 
pended in alginate and cultured in a serum-free media ( untreated ) 
supplemented with TGF-33 for 3 weeks. RT-PCR ELISA for type II 
collagen was performed on RNA extracted from the alginate cells. The 
bars represent the mean {Z. SEM ) from 3 donors. 



and II TGF-|3 receptors which further provided signif- 
icant evidence to the homogeneity of the CD105 + cells. 

Long term bone marrow culture 

One of the characteristics of bone marrow-derived 
stromal cells is their ability to support hematopoiesis 
in vitro (Dexter et al., 1977). To demonstrate that 
CD105 + cells were able to support hematopoiesis, 
LTBMCs were established with irradiated CD105 + 
cells from 3 donors and hematopoietic progenitor 
CD34* cells. During the 5 weeks of co-culture, cobble- 
stone areas representing hematopoietic progenitor cell 
proliferation and differentiation were observed (data 
not shown). When plated in methylcellulose, cells de- 
rived from the co-culture resulted in myeloid hemato- 
poietic colony formation (Fig. 3). These results showed 
that the culture expanded CD105* cells were able to 
maintain their stromal phenotype with passage and 
thus able to support hematopoiesis. The difference seen 
in the number of hematopoietic colonies that formed in 
methylcellulose indicated donor to donor variability 
and were comparable to previously reported results 
(Majumdar et ah, 1998). Experimental controls of 
LTBMC of CD34 + cells in the absence of CD105+ cells 
did not result in any colony formation. 

Expression and synthesis of type II collagen by 
CD105 + cells 

Mesenchymal stem and progenitor cells have been 
cultured as aggregates (Johnstone et al., 1998; Mackay 
et al., 1998; Yoo et al., 1998) to provide a 3-dimensional 
environment which promotes differentiation along the 
chondrogenic lineage with the expression of type II 
collagen, a definitive marker of the chondrogenic phe- 
notype. We modified the alginate culture conditions to 
make it conducive for the CD105 + cells to differentiate 
similarly. To our knowledge this is the first report of 
the culture of stromal cells in alginate for chondrogenic 
differentiation. RT-PCR ELISA performed on RNA ex- 
tracted from cells of 3 donors cultured in alginate beads 



at day 21 showed about a 9-fold increase in type II 
collagen mRNA expression in cells treated with 
TGF-P3 over untreated cells (Fig. 4). Immunostaining 
of the alginate bead sections demonstrated synthesis of 
type II collagen protein (Fig. 5) by the cells treated with 
TGF-P3. Type II collagen protein was also present in 
the intercellular region due to the secretion of the pro- 
tein by the differentiating cells and subsequent entrap- 
ment in the alginate matrix. Alginate sections stained 
with either the primary or the secondary antibody did 
not show any immunoreactivity. CD105^ cells did not 
express type II collagen in monolayer cultures (data 
not shown). 

DISCUSSION 

The relationship between bone marrow stromal cells 
and repair of articular cartilage is well established 
from in vivo and in vitro studies (Suh et al., 1997; 
O'Driscoll, 1998). Repair of damaged articular cartilage 
requires the mobilization and differentiation of these 
cells at the damaged site, although the newly formed 
tissue in most cases was not articular cartilage (Buck- 
waiter et al., 1990; Buckwalter and Mankin, 1998b). 
One possible reason may be that the factors or the 
signals present during articular cartilage development 
are no longer present in the adult. The complex in vivo 
environment makes it difficult for the identification of 
the differentiating factors that are important in the 
transformation of progenitor cells into chondrocytes. 
Therefore, despite the enhanced interest in the field of 
cartilage regeneration, the mechanism of chondrogen- 
esis is still poorly understood. To better understand the 
process of chondrogenesis and to identify the factors 
involved, it is essential to develop an efficient and 
reproducible procedure to isolate the target cells and 
also an in vitro culture system that promotes chondro- 
genic differentiation of these cells. In the present 
study, we describe a procedure to isolate multipotential 
stromal cells based on the presence of a cell surface 
molecule and an in vitro system to differentiate these 
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Fig. 5. Alginate culture induced 
chondrogenesis in passaged CD105~ 
cells. Culture-expanded passage 3 
cells were resuspended in alginate 
and cultured in a serum-free media 
(A-O or supplemented with 
TGF-03 <D-F) for 3 weeks. The 
beads were then irreversibly poly- 
merized and sections were stained 
for the detection of type II collagen 
protein. A and D represent sections 
stained with hematoxylin and eosin. 
B. C. E. and F represent sections 
immunostained for type II collagen. 
Enlargements of B and E are shown 
in C and F. respectively. 



cells along the chondrogenic lineage. We also demon- 
strate the ability of these cells to support hematopoie- 
sis, an important biological function of stromal cells 
which confirms their multipotential characteristic. 

Bone marrow stroma is comprised of a heterogeneous 
group of cells both of the hematopoietic and non-hema- 
topoietic lineages (Dorshkind, 1990). Therefore, isola- 
tion of the stromal cells which represents a small per- 
centage of the total marrow cells (Gronthos and 
Simmons, 1995; Pittenger et al., 1999) requires both 
phenotypic and functional information about these 
multipotential cells. Stromal cells including mesenchy- 
mal stem and progenitor cells have the ability to ad- 
here to tissue culture surfaces and form fibroblastic 
colonies, CFU-Fs (Haynesworth et al., 1992; Gronthos 
and Simmons, 1995; Kadiyala et ah, 1997; Fortier et 
ah, 1998; Pittenger et ah, 1999). These cells respond to 
TGF-p in vitro for chondrogenic progression (John- 
stone et ah, 1998; Mackay et ah, 1998; Pittenger et ah, 
1999). Endoglin (CD105), a member of the TGF-0 re- 
ceptor family, has been shown to be expressed by these 
cells (Robledo et ah, 1996). We utilized this information 



to formulate our stromal cell isolation strategy. To our 
knowledge this study is the first report in which isola- 
tion of multipotential stromal cells was based on the 
presence of CD105, a well characterized cell surface 
molecule with biological function (Li et ah, 1999). 

In our stromal cell isolation studies, we developed 
DAP and SAP. Although DAP was reproducible, we 
were unable to achieve the efficiency reported in a 
previous study (Gronthos and Simmons, 1995). One 
possible explanation was the formation of cell clumps 
during the prolonged antibody incubation steps which 
may have resulted in lower cell viability and also may 
have led to loss of adherence. Results from flow cytom- 
etry, LTBMC, and alginate culture studies confirmed 
that DAP cells were multipotential. With the availabil- 
ity of primary antibody-conjugated microbeads, we 
were able to show considerable increase in cell plating 
ability and also attained the efficiency, previously re- 
ported. These results are significant because the 
CFU-F assays were performed without the use of cell 
attachment enhancers like media supplemented with 
20% fetal bovine serum and fibronectin coated plates as 
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reported by Gronthos and Simmons (1995). The higher 
efficiency of SAP may be attributed to the absence of 
cell clumps due to brief antibody incubation step and 
increased cell viability. SAP also resulted in a 2.8-fold 
increase in cell recovery over DAP at the end of pri- 
mary culture. There were no differences between the 
SAP- and the DAP-isolated cells in the phenotypic and 
biological functions as observed from flow cytometry, 
LTBMC, and alginate culture studies (data not shown). 

Stromal cells have been shown to have a unique 
expression profile of cell surface molecules (Dorshkind, 
1990; Deryugina and Muller-Sieburg, 1993; Simmons, 
1994; Pittenger et al., 1999). We performed an exten- 
sive study on the expression of cell surface molecules 
on the CD105 + cells, both as primary and multiple 
passaged cells to analyze the changes in expression 
profile with cell expansion. The results (Table 2) show 
that the CD 105 + cells have a cell surface expression 
profile similar to mesenchymal stem cells (Pittenger et 
al., 1999) and stromal precursor cells (Simmons, 1994). 
The expanded cells also showed a similar expression 
profile suggesting the maintenance of the undifferenti- 
ated characteristic. The expression of this array of mol- 
ecules by the CD105*^ cells also suggests the potential 
to perform multiple functions. The peptidases (CD10 
and CD13) expressed by the CD105 + cells may function 
in modifying other cell surface proteins on its surface or 
on neighboring cells. The expression of integrins and 
adhesion molecules may help in the interaction be- 
tween stromal and hematopoietic cells as well as with 
the extracellular matrix which is an important compo- 
nent of the bone marrow stroma (Hynes, 1992). Endog- 
lin is an important member of the type III TGF-0 
receptor which binds to TGF-0 superfamily and inter- 
acts with their receptors, and likely regulates TGF-p 
signaling. It is an essential component for angiogenesis 
during embryonic development (Li et al., 1999). Loss- 
of-function in the human endoglin gene causes hered- 
itary hemorrhagic telangiectasia (Guttmacher et al., 
1995). Little is known about the role of endoglin during 
bone and cartilage development. While cartilage is an 
avascular tissue, on the contrary bone is highly vascu- 
lar, therefore the role of endoglin during endochondral 
ossification may provide us with valuable information 
about bone and cartilage development and the fate of 
the CD105+ cells. 

The CD105 + cells did not express markers of the 
hematopoietic lineage, including the lipopolysaccha- 
ride receptor CD14, CD34, and the leukocyte common 
antigen CD45. The CD105+ cells eluted from the mag- 
netic column when incubated with antibody raised 
against Stro-1 resulted in over 60% of the cell express- 
ing the molecule (data not shown), which correlated 
well with previous studies (Gronthos and Simmons, 
1995). 

Mesenchymal stem cells have potential to differenti- 
ate along multiple connective tissue lineages including 
adipogenic, osteogenic and chondrogenic (Pittenger et 
al., 1999) and also support hematopoiesis in vitro (Ma- 
jumdar et al., 1998), a hallmark of bone marrow-de- 
rived stromal cells. To evaluate the multipotential 
characteristics of the CD105* cells, we examined the 
ability of these cells to differentiate along one of the 
connective tissue lineages, the chondrogenic lineage 
and another distinct phenotype, its stromal character- 



istic to support hematopoiesis in vitro. Expression of 
type II collagen is a phenotype of articular chondro- 
cytes (Binette et al., 1998), as well as in vitro aggregate 
cultures of mesenchymal stem and progenitor cells un- 
dergoing chondrogenesis in response to TGF-3 (John- 
stone et al., 1998; Pittenger et al., 1999). For type II 
collagen expression studies, CD105^ cells were cul- 
tured in alginate instead of the cell aggregate culture 
system. Cells from the alginate culture system were 
easily recoverable by dissolving the alginate matrix in 
citrate (Mok et al., 1994) and provided further oppor- 
tunities to evaluate the differentiated cells which was 
not possible for cells in aggregate cultures. The results 
from alginate culture studies showed that the CD105" 
cells had the ability to express type II collagen in re- 
sponse to TGF-P3 and this held true for cells isolated 
from multiple donors and multiple passages (data not 
shown). Like mesenchymal stem cells (Majumdar et 
al., 1998), CD105 + cells were able to support hemato- 
poiesis in vitro, which designated a true bone marrow 
stromal phenotype to these cells. 

In this study we showed the development of an effi- 
cient and reproducible procedure to isolate multipoten- 
tial bone marrow stromal cells and also introduced a' 
culture system that allowed the differentiation of these 
cells towards the chondrogenic lineage. The combina- 
tion of these two procedures will provide useful infor- 
mation in defining the process of chondrogenesis. 
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